We present an electrically driven plasmonic device consisting of a gold nanoparticle trapped in a gap between two electrodes. The tunneling current in the device generates plasmons, which decay radiatively. The emitted spectrum extends up to an energy that depends on the applied voltage. Characterization of the electrical conductance at low temperatures allows us to extract the voltage drop on each tunnel barrier and the corresponding emitted spectrum. In several devices we find a pronounced sharp asymmetrical dip in the spectrum, which we identify as a Fano resonance. Finite-difference time-domain (FDTD) calculations reveal that this resonance is due to interference between the nanoparticle and electrodes dipolar fields, and can be conveniently controlled by the structural parameters. Electrically driven plasmonic devices may offer unique opportunities as a research tool and for practical applications [1] [2] [3] [4] [5] . In such devices, current that flows across a metallic tunnel junction
excites a plasmon, which gives rise to light emission. The generation of the plasmon at the tunnel junction 6 is equivalent to feeding an antenna at its source. In that sense, it is different from regular optical excitation of plasmons, where the far field illumination is coupled to the plasmonic antenna, and then coupled out. This local nature of the excitation allows easy access into evanescent (or "dark") modes, which are not easily excited by far field illumination 6, 7 . From a more practical point of view, such devices may pave the way for easy realization of on-chip optical communication and sensors 5, [8] [9] [10] [11] [12] .
The possibility to generate light in tunnel junctions was first suggested and demonstrated more than four decades ago. Light emission in metal-oxide-metal planar tunnel junctions was observed and was attributed to plasmon mediated tunneling [13] [14] [15] [16] . A renewed interest in this phenomenon occurred in the early nineties, when light emission was reported in STM experiments [17] [18] [19] . The excellent control over the tunneling barrier in this system allowed detailed investigation of the light emission process. Recently, this concept was implemented in planar plasmonic structure, consisting of a metallic nanoparticle between two larger electrodes 20 .
The mechanism of light emission in such structures is well understood. Consider a metallic tunnel junction, biased by a voltage V , as depicted in Figure 1 (a). During the tunneling process electrons may lose a fraction or all of their initial energy eV , exciting a plasmon, and consequently emitting photons. One may express the emitted power as
where g (ω) is the plasmonic spectrum, and |I ω | 2 is the power spectrum of the generator current, which can be expressed as
, whereT represents the tunneling matrix element operator. It is evident that at the limit of energy independent tunneling and zero temperature one can approximate this expression by 15, 16, 21, 22 2
where R 0 is the DC junction resistance, and the applied voltage V determines the maximal emitted photon energy. In practice, the tunneling rate does depend on energy, and the linear dependence on voltage is a good approximation only forhω ∼ eV . Furthermore, it was shown that photon emission at energies larger than eV can also be obtained. This is attributed to high order processes, in which an electron relaxation is accompanied by an excitation of another electron to an energy above the Fermi level [23] [24] [25] . In this paper we use a single electron transistor (SET) as a light emitting device. The general structure of the device is shown in Figure 1 (b): electrons tunnel from the source electrode (S) to the nanoparticle (NP) and then into the drain electrode (D). We show that the use of this structure allows us to properly characterize the electrical properties of the two tunnel barriers, and determine their role in the light emission process. In some devices we find a Fano resonance, resulting from interference between the nanoparticle and electrodes dipolar fields. This resonance is seen due to the local nature of the excitation, and is manifested as a sharp asymmetrical spectral dip. We show that the spectral position of this resonance can be conveniently controlled by the design of the structural parameters.
We have previously demonstrated a technique of preparing metallic NP-based SET devices 26, 27 .
A bow-tie electrode structure is patterned by e-beam lithography on n-doped silicon substrate covered by a 100 nm SiO 2 layer. Gold NPs of 55 nm diameter are chemically synthesized 28 between the two barriers. By fitting the measurement to a conductance model 26, 27 we could extract the relevant parameters characterizing each barrier 29 , and in particular the tunnel conductance g 1 and g 2 of the two barriers. We note that the ratio between these two conductances determines the division of V SD between the two barriers. In this particular device we obtain that g 1 = 0.3 nS and g 2 = 20.1 nS, implying that more than 98% of the voltage falls on barrier 1. We shall later see the implications of this asymmetry on the emission spectrum in these devices, as compared to symmetric devices. Optical measurements were performed using a Nikon Eclipse Ti-E optical microscope with a 50X objective (NA=0.6), equipped with an Andor Shamrock 303i Imaging Spectrograph and a Andor iXon 897 EMCCD camera. We find that as V SD increases above ∼ 1.5 V a bright spot appears at the center of the bow-tie structure, and becomes brighter as the voltage is further increased. This behavior is summarized in Figure 3(a) , where the total number of counts P is plotted as a function of the applied voltage V SD .
The observed rise of P at V SD > 1.5 V is due to two factors: (i) Enhanced tunneling rate, which is linear in V , as given by the current power spectrum |I ω | 2 in eq. (2).
(ii) Plasmonic enhancement -moving the cutoff voltage across the plasmonic spectrum, g (ω).
It is interesting to note that this measurement of P(V ) = eV /h 0 S(ω)dω can directly provide the plasmonic spectrum. It can be easily shown 13 that ∂ 2 P/∂V 2 = g(V ), hence, by simply measuring the total emitted light intensity as a function of voltage one can obtain the plasmonic spectrum of such a structure. Figure 3(a) demonstrates the strength of this technique by comparing the spectrum obtained through this procedure to an independent measurement of the light scattering spectrum (in order to minimize the numerical noise we first performed a fit to the curve and then took its numerical derivative). By performing this procedure on different structures, with different plasmonic resonances, we have verified that this procedure indeed yields the correct spectrum 29 .
Clearly, to obtain fine features in the spectrum one needs to conduct measurements with high signal-to-noise ratio.
Let us now turn to study the evolution of the emitted spectrum with voltage. As the voltage increases, the emitted spectrum evolves due to an increased tunneling rate and a larger overlap of the excitation energies with the plasmonic spectrum. Figure 3(b) shows a compilation of 10 spectra, at 50 − 100 mV intervals between 1.6 V and 2.15 V, measured by dispersing the emitted light into a spectrometer (the intensity is presented on a logarithmic scale). Indeed, one can clearly observe how the high energy part of the plasmonic spectrum builds up with increasing voltage and the overall intensity becomes higher. The cutoff energy exactly at ω = eV SD can be clearly seen in the figure. We find that we could use eq. (2) to fit all the spectra, using the same plasmonic spectrum, g(ω), and linear excitation power spectrum, |I ω | 2 . This is demonstrated for four spectra in Figure 3 (c).
An implicit assumption that we used in the fits of Figure 3 (c) was that V = V SD , namely -all the voltage that is applied on the device falls on one barrier. As was shown in Figure 2 (a) this is indeed the case for very asymmetric devices, where g 2 /g 1 10, but is not generally true. Measurements of different, more symmetric devices, where g 2 /g 1 ≈ 1, show a cutoff energy which is significantly lower than V SD , up to a factor of two 29 . We find that such symmetric devices experience large temporal fluctuations in the spectral lineshape, and in particular in the cutoff energy. In these devices small changes in the tunnel junction conductances may result in a significant different voltage division, and consequently -different cutoff energy. This emphasizes the importance of the low voltage characterization at low temperatures.
An important feature of electrically driven plasmon is the local nature of the excitation. Contrary to a scattering measurement, in which plasmons are excited over a macroscopic area, here the plasmons are generated at the tunnel barrier over which the voltage drops. In that sense, this method is similar to electron energy loss spectroscopy (EELS), where a focused beam of electron excites a plasmon locally 30 . The implication is that we are able to probe local features of the plasmonic spectrum g(ω). This is well manifested in our bow-tie structure: while the far field scattering spectrum is dominated by contributions of the large size electrodes, the local excitation To explain the appearance of a Fano resonance 31, 32 in our structure we use a simple toy-model, 9 consisting of infinite electrodes and a metal NP disk between them (top of Figure 4(b) ). We calculate the plasmonic spectrum of this structure using Finite-difference time-domain (FDTD) method 29 . Figure 4 To understand how the Fano spectrum is created here it is instructive to examine the spatial charge distribution at the surface (represented by the normal electric field component), as shown in Figure 4 (b). It is seen that without the NP we obtain a simple dipolar distribution around the gap. This is manifested as a broad spectral lineshape, which serves as the continuum in the Fano representation 33 . The introduction of the NP radically changes this charge distribution: the induced dipolar field at the NP forces an overall quadrupole-like distribution in the structure, which suppresses the far field emission 7, 34 .
In order to demonstrate that the dip is indeed due to destructive interference between the NP and the electrodes resonances, we "turn off" this interference by exciting the structure with a dipole, localized at the NP center. This way of excitation affects mainly the NP, and the electrodes are only weakly excited. The calculated spectrum under this excitation condition shows a clear peak, which is located at exactly the same spectral position as the Fano dip (Figure 4(b) ). This proves that indeed the electrodes play the role of a continuum, and the NP -of the narrow resonance.
The particle in a bow-tie structure allows easy control of the Fano resonance. This is demon-strated in Figure 4(c) , where the eccentricity of the NP is gradually changed, from a circular disk to a narrow ellipse, while keeping the other structural parameters fixed. Remarkably, the Fano dip moves to lower energy and becomes narrower, following the corresponding changes in the NP resonance spectral position and width. On the other hand, the Fano resonance is relatively insensitive to the details of the electrodes design: when changing the angle of the bow-tie electrodes we find that the Fano dip remains at approximately the same spectral position 29 . It is important to note, however, that as the NP is moved down towards the bow-tie center, the Fano resonance disappears 7 . This could explain the fact that the resonance is observed only in some of the devices:
we believe that in these devices the NP was trapped off the bow-tie center.
Fano resonances in plasmonic structures are of great recent interest 7, [32] [33] [34] [35] [36] [37] [38] [39] [40] . It is suggested that their sharp characteristic spectral features and sensitivity to the sample parameters may turn them into efficient sensors. In that sense, the ability to generate such resonances in electrically driven devices may amplify their potential. Furthermore, the separate control of the interfering broad and narrow modes in these devices offers an easy way of engineering the Fano resonance. Such devices may be a step toward the realization of an on-chip, controllable nano-optical emitters and sensors, and be of a great interest to the near-field microscopy community.
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